Powerful relativistic jets are one of the main ways in which accreting black holes provide kinetic feedback to their surroundings. Jets launched from or redirected by the accretion flow that powers them should be affected by the dynamics of the flow, which in accreting stellarmass black holes has shown increasing evidence for precession 1 due to frame dragging effects that occur when the black hole spin axis is misaligned with the orbital plane of its companion star 2 . Recently, theoretical simulations have suggested that the jets can exert an additional torque on the accretion flow 3 , although the full interplay between the dynamics of the accretion flow and the launching of the jets is not yet understood. Here we report a rapidly changing jet orientation on a timescale of minutes to hours in the black hole X-ray binary V404
(see Methods). We identify three likely pairs of ejecta with consistent position angles and ejection times (denoted N2/S2, N3/S3 and N6/S6; see Figure 3 and Extended Data Figures 1-3 ), although since their flux density evolution cannot be fully explained by Doppler boosting of intrinsically symmetric jets (see Methods), the assumption of symmetry remains unverified. From these three pairs we determine (β = 0.32 ± 0.02, θ = 40.6 ± 2.4°), (β = 0.35 ± 0.01, θ = 32.5 ± 1.6°), and (β = 0.48 ± 0.01, θ = 14.0 ± 0.8°), respectively ( Figure 4 ). In all three cases the northern component is the faster-moving, and must therefore be the approaching component. For unpaired ejecta, we can use the known distance to solve for β cos θ, subject to an assumption on whether the components are approaching or receding ( Figure 4 ). Again, we find that the jet speed or inclination angle, or both, must vary between ejection events.
The most natural interpretation for changes in jet orientation is precession, as best studied in the persistent X-ray binary SS 433. However, each individual jet component only samples the orientation of the jet axis at the time of ejection. With only twelve discrete components on June 22, we do not have sufficient sampling to determine whether the precession is regular. Our best constraint on the precession period comes from the ∼ 30°swing in position angle between ejecta pairs N2/S2 and N6/S6, which were ejected only 1.3 hours apart. This places an upper limit of 2.6 hours on the period, although the varying position angles of the intervening ejecta suggest that the true period is significantly shorter. The lower limit of order ≈ 1 second is set by the lack of any blurring motion of the point source components over the timescale on which they are ejected (> 0.1s; see Methods). Regardless, since the distribution of position angles for a precessing jet will peak at the two extremes, we can infer a precession cone half opening angle of ∼ 18° (Figure 2 ). Since V404 Cygni likely received a natal supernova kick 13 , a misalignment between the binary orbital plane and the black hole spin is expected. Plasma out of the black hole equatorial plane should then undergo Lense-Thirring precession 2 , potentially affected by torques from strong magnetic fields and associated jets 3 . This phenomenon has been proposed to explain the low frequency quasi-periodic oscillations (QPOs) observed at sub-Eddington accretion rates in many X-ray binary systems 1, 14 . Regardless, both theoretical predictions and magnetohydrodynamic simulations 15 of tilted disks have shown that a sufficiently geometrically thick disk 16 can precess as a solid body.
To enable communication of the warp, the precession timescale must exceed the azimuthal sound crossing time of the disk. The viscosity and magnetic fields should also be sufficiently low that the disk will not realign within a precession cycle 17 .
During its 2015 outburst, the X-ray behaviour of V404 Cygni could be explained by invoking a geometrically thick slim disk configuration 4 . The mass accretion rate inferred from the peak Xray luminosity implies a spherisation (outer) radius for the slim disk consistent with the maximum for solid body precession set by the viscous alignment timescale (see Methods). This makes LenseThirring precession a plausible scenario for varying the disk orientation. Precession of the inner slim disk would naturally result in precession of the jets, whether due to the magnetic field lines anchored in the precessing disk, or to realignment of spin-powered jets, either by powerful outflows from the inner disk 18 or by the precessing slim disk itself 3 .
While the maximum radiative luminosity detected in the outburst was twice the Eddington luminosity 4 , super-Eddington accretion flows are known to drive powerful winds that can carry away a large fraction of the mass flowing in from the outer disk 19 , implying an outer accretion rate well above Eddington. For moderate spins, mass inflow rates up to a few tens of times the Eddington accretion rate would imply precession periods 15 of up to a few minutes and spherisation radii of a few tens to hundreds of gravitational radii (Extended Data Figure 5 ). While such short periods would require the jet ejecta to be launched on timescales no longer than a few seconds, they
would not require the jets to exceed the Eddington luminosity over the launching timescale (see Methods). The precessing jets could also give rise to optical or infrared QPOs in the optically-thin synchrotron emission from the jet base.
A precessing accretion flow is also consistent with the marginal detections of short-lived lowfrequency X-ray QPOs reported at 18 mHz on June 22nd 20 . However, the link between the QPOs and the precessing disk is not clear and their short-lived nature would argue against long-term stable precession. In such a case, the changing mass accretion rate (and hence spherisation radius)
would cause bursts of precession, subsequently damped by either disk alignment, or by changes in the sound speed 3, 17 . However, Figure 2 shows that the jet axis continues to vary over our full 2-week VLBA campaign. This suggests that precession continues with a relatively consistent cone opening angle, even if the precession timescale varies.
We have observed short-timescale changes in jet orientation from a black hole accreting near the Eddington rate, likely from a reservoir whose angular momentum is misaligned with the black hole spin. This spin-orbit misalignment in a low-mass X-ray binary suggests that the impact of black hole natal kicks can persist even after an evolutionary phase of accretion, and could therefore affect the observed gravitational waveforms 21 during black hole merger events arising from the evolution of isolated binary systems.
Our findings are consistent with results from recent relativistic magnetohydrodynamic simulations, which demonstrated (albeit in the absence of radiation pressure) that the accretion flow and jets precess together, due to the combination of Lense-Thirring and pressure or magnetic torques from the inflow/outflow system 3 . The presence of a rapidly-precessing jet in a high-accretion rate source implies that varying jet inclination angles likely need to be accounted for when interpreting observations of systems such as ultraluminous X-ray sources 22 , black hole-neutron star mergers 23 , gamma-ray bursts, tidal disruption events 24 , and rapidly-accreting quasars in the early Universe.
Kinetic feedback from precessing jets or uncollimated winds in AGN that distribute energy over large solid angles 6 has been invoked to prevent the onset of cooling flows in cool core clusters 5 and to solve discrepancies between observed galactic properties and cosmological simulations 25 .
For some low-luminosity AGN, which should host geometrically thick accretion flows, light curve periodicities and helical trajectories of jet components have been suggested as direct evidence of jet precession, typically attributed to the presence of a binary supermassive black hole 26 . However, Reprints Reprints and permissions information is available at www.nature.com/reprints.
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Observations and data reduction. External gain calibration was performed using standard procedures within the Astronomical Image Processing System 31 (AIPS). We used geodetic blocks to remove excess tropospheric delay and clock errors for all observations of duration ≥ 3 hours.
Our phase reference calibrator was the bright (1.8 Jy at 15 GHz), nearby (16.6 arcmin from V404
Cygni) extragalactic source J2025+3343 32 .
The strong amplitude variability seen in both the VLBA data and the simultaneous VLA data from 2015 June 22nd 12 violates a fundamental assumption of aperture synthesis. We therefore broke the data down into short segments, within which the overall amplitude would not change Given the sparse uv-sampling, we took additional steps to ensure the fidelity of our final images, taking guidance from previous time-resolved VLBI studies 36 . We examined each snapshot image to check for consistency between adjacent frames. Only a small minority of frames showed inconsistent structure, and were therefore reprocessed using prior knowledge from the adjacent frames. In a few cases, we imaged longer chunks of data (10-15 min) to assess the fidelity of the structures with better uv-coverage. As seen in Extended Data Figures 3-4 To fit for the proper motions of the individual point source components on June 22nd, we first had to determine the positional offsets in each snapshot. We assumed ballistic motion and constructed a set of linear equations with k ejecta components and i images, such that,
where µ ra,k and µ dec,k represent the proper motions of the kth component, and t ej,k its ejection time. The atmospheric jitter parameters J ra,i and J dec,i represent the offsets in position for the ith image, allowing us to correct the positional shifts.
With k = 10 moving components (labelled by ejection time and direction of motion; see Extended Data Table 3 ), and i = 103 images, we had 359 individual measurements in both right ascension and declination. This translates to 20 linear equations, and 236 free parameters. We took a Bayesian approach for parameter estimation, simultaneously solving equations (1) and (2) using a Markov-Chain Monte Carlo (MCMC) algorithm implemented with the EMCEE package 37 .
Prior distributions for all parameters are listed in Extended Data Table 4 . Lastly, due to the large number of rapidly-moving ejecta and the blending of components close to the core, it was occasionally difficult to distinguish between components. We therefore assigned a confidence flag to each component for each image prior to the fitting (H = high, M = medium, L = low, and B = possible blended component) and weighted the data according to these flags (H=1, M=0.7, L=0.3, and B=0.1).
The best fitting results (Extended Data Table 3 ) were taken as the median of the posterior distributions from the converged MCMC solution, with the 1σ uncertainties reported as the range between the median and the 15th/85th percentile. Two components, N8 and N9, did not appear to move away from the core. Given the faint nature of the components and the sparse uv-coverage, these could be artifacts arising from the difficulty of representing complex structures with a small number of unresolved point sources.
Jet dynamics and Doppler boosting. From the similarities in ejection time and position angle, we identified three likely pairs of components (N2/S2, N3/S3, N6/S6). In all cases, the proper motion of the northern component exceeded that of its southern counterpart, implying that the northern jets are approaching and the southern jets receding. This identification is supported by the first six epochs of our 8.4-GHz VLBA data, which all showed extensions to the north (see Figure 1) , consistent with the northern components being both faster-moving and more Doppler-boosted.
Furthermore, only with approaching northern components do we get constraints on β cos θ for the individual ejecta that are consistent with paired ejections (see Figure 4) .
Assuming that our identification of pairs was correct, we then re-fit the proper motions of these three pairs, tying the ejection times of each component in a pair. We use the results of these tied fits in Figures 2-4 , and Extended Data Figures 1-3 , and to calculate the jet physical parameters in Extended Data Table 5 .
Assuming intrinsically symmetric jets at a distance d, we can determine the jet speed and inclination angle from the proper motions of corresponding approaching and receding components
β cos θ = µ app − µ rec µ app + µ rec , and (4)
With a known distance, equations (4) and (5) Table 5 ). For unpaired ejecta, we can only solve equation (3) for β cos θ.
Given our estimated precession cone half-opening angle of ≈ 18°, the N2/S2 and N3/S3 pairs have inclinations consistent with being on the surface of a precession cone centred on the binary orbital angular momentum vector. However, the N6/S6 pair has a very low inferred inclination of 14.0 ± 0.8°. Either these two ejecta do not form a corresponding pair, or (more likely) the proper motion of N6 is affected by additional, unaccounted systematic uncertainties due to its slow motion and the short lever arm in time (it is based on only six points). Thus this last pair should be treated as less reliable than the other two. Even should N6 have been ejected slightly later, its observed angular separation suggests an ejection time prior to 13:40 UT, so our robust upper limit on the precession timescale remains a few hours.
Mass accretion rate. The slim-disk geometry inferred from the X-ray emission implies an accretion rate at or above Eddington. Further, the walls of the slim disk are likely to obscure the hottest inner regions of the accretion flow, implying an intrinsic luminosity higher than the maximum ob-served value of twice the Eddington luminosity (2L Edd ) 4 . Furthermore, a supercritical accretion disk is expected to launch a powerful outflow, which can expel a significant fraction of the infalling mass 19 . Recent X-ray studies of ultraluminous X-ray sources have suggested that the wind kinetic power could be a few tens of times the bolometric luminosity (albeit reduced by the covering factor and solid angle of the wind) 38, 39 . The mass accreted during the 2015 outburst was inferred to be a factor of three lower than the mass transferred from the secondary over the preceding 26-year quiescent period 40 . This was attributed to substantial wind mass loss, either from the outer disk 29 or from the inner regions 4 . A total outer mass accretion rate of order ten times the Eddington rate would therefore be plausible, and would be sufficient to give rise to a precession period of order a minute (Extended Data Figure 5a ).
The average bolometric luminosity over the outburst has been estimated as ≈ 0.1L Edd 40 ,  suggesting that the outer mass accretion rate likely varied substantially. This would alter both the spherisation radius r sph and the precession period, and is consistent with the sporadic nature of the marginally-detected X-ray QPOs 20 . This could suggest sporadic episodes of precession set by the changing mass accretion rate through the disk, rather than a long-term, stable, phase-coherent precession. Assuming that the optical polarization (attributed to jet synchrotron emission) reflects the orientation of the jet axis, the slower inferred variation of the optical polarization position angle on June 24th (4 • in ∼ 30 min) 41 would support this scenario.
Precession mechanisms. Various mechanisms have been put forward to explain X-ray binary jet precession. In the slaved disk model (as applied to SS 433), tidal forces on the equatorial bulge of a misaligned early-type donor star cause the star to precess, thereby inducing the disk and jets to precess likewise 42 . However, the predicted precession period 43 for V404 Cygni is ∼ 100 times the 6.5-day orbital period, and cannot explain the observed changes in the jet axis. Alternatively, massive outflows from a radiatively-warped, precessing outer disk could collimate and redirect the jets 18 . Existing treatments of radiatively-driven warping 44, 45 again predict precession periods significantly longer than the orbital period, although they were restricted to standard thin accretion disks (H/R < α). For more vertically-extended, super-critical disks, the outer disk (where the radiation warping instability acts most strongly) is shielded from the most luminous inner regions by the puffed up slim disk and the associated clumpy wind outflow, and radiation can be advected with the outflow, making radiative warps unlikely 22 .
Resonances between the donor star orbit and the orbits of disk particles can also cause disk precession, giving rise to superhumps for systems with mass ratios q 0.3 46 . However, the predicted periods are a few per cent longer than the orbital period, and again insufficient to explain the rapid changes we observed. The tidal torque from the secondary is of order 10 −9 times the Lense-Thirring torque at the spherisation radius, so cannot produce the required precession. Finally, since V404 Cygni is a dynamically-confirmed black hole, we can rule out precession driven by magnetic interactions between the compact object and the accretion disk 47 .
Predicted precession period. The expected Lense-Thirring precession period for an inner supercritical accretion disk rotating as a solid body is 15 , 22
where M is the black hole mass, a * is the dimensionless black hole spin Jc/GM 2 (with J being the spin angular momentum), G is the gravitational constant, and r in and r sph are the inner and outer radii of the slim disk (the latter being the spherisation radius), with all radii given in units of the gravitational radius r g = GM/c 2 . We assume that r in is located at the innermost stable circular orbit. Since the structure of the outer part of a supercritical disk is set by the angular momentum carried away by the disk wind, r sph depends on the fraction of the radiation energy w used to launch the wind, as
whereṁ is the mass accretion rate in units of the Eddington rate. The spin parameter of V404
Cygni was estimated 48 as a * > 0.92, but without accounting for the slim disk geometry (which would require less light bending and hence a lower spin) and assumed the disk inclination to be that of the binary orbit, which our measurements show is not the case. The true spin could therefore be somewhat lower. With a black hole mass of 12
+3
−2 M 8 , we can then estimate the precession timescale of the slim disk for a given wind
where L rad and L wind are the radiative luminosity and wind power, respectively.
Based on the peak intrinsic luminosity 4 , and with a wind power fraction w of 0.25-0.5 (as estimated from relativistic magnetohydrodynamic simulations 49 ), slim disk models imply 15 <ṁ < 150 19 . For moderate spins, we therefore predict precession timescales of order minutes and spherisation radii of tens to hundreds of r g (see Extended Data Figure 5 ). The predicted spherisation radii are consistent with the maximum radius expected for rigid precession 17 . While the 18 mHz QPO detected simultaneously with our observations (at 11:17 UT on June 22nd) was relatively low-significance at 3.5σ, it would imply a precession timescale of 56 s. Given the uncertainty in mass accretion rate and black hole spin, this timescale is roughly consistent with these predictions.
Since the maximum radius for rigid precession implied by the disk alignment criterion sets a spin and aspect-ratio dependent lower limit on the precession frequency 17 , then for an aspect ratio of H/R = 0.5, this timescale would imply a spin of a 0.3.
Jet energetics. The minimum amount of energy required to produce a given synchrotron luminosity is 50
where η = (1 + β) and β is the ratio of energy in protons to that in the radiating electrons, L ν is the monochromatic radio luminosity (given by L ν = 4πd 2 S ν , where S ν is the measured flux density), ν is the observing frequency and V is the emitting volume. We make the standard assumption that there is no energy in protons (η = 1). The brightest of our ejecta is knot S3, which at 12:07 UT has a flux density of 461 mJy at 15.26 GHz (Extended Data Figure 4) , and is unresolved to the synthesised beam of 1.2 × 0.4 mas 2 . Assuming a maximum knot radius of 0.4 mas at 2.39 kpc, we derive an upper limit on its minimum energy of 8 × 10 38 erg.
While this knot would have been expanding adiabatically (with an expansion speed 0.01-0.15c 12 ), it never became significantly resolved to the VLBI beam, so should have been substantially smaller than 0.4 mas at 12:07 UT. Hence the minimum energy is likely to be significantly lower than derived above. On the other hand, if the magnetic field deviated significantly from equipartition, the energy could be somewhat higher than the minimum.
Should the precession period indeed be of order minutes, the knots would need to be launched over a timescale small enough that they were not significantly extended due to the precessional motion over the launching period. This would argue for ejection on timescales no longer than a few seconds. A lower limit on the timescale comes from the light crossing time of the jet acceleration zone, which was found to be 0.1 light seconds (3 × 10 9 cm) 51 . Alternatively, modelling the multifrequency radio light curves gave fitted component radii of 0.6-1.3×10 12 cm at the peak of the sub-mm emission in each flare 12 , corresponding to light crossing times of 20-40 s. Since the submm emission does not come from the jet base itself, the timescale of ejection would likely be significantly shorter. In either case, our minimum energy synchrotron calculations above would not require the jets to exceed the Eddington luminosity. However, even this would not be a hard limit given recent jet power constraints from ultraluminous X-ray sources 52, 53 .
Data availability The raw VLBA data are publicly available from the National Radio Astronomy Code availability The MCMC fitting code is available at https://github.com/tetarenk/ jet-jitter.
Extended Data Table 1 : VLBA observing log for the June 2015 outburst of V404 Cygni.
Times denote the on-source time, and do not include the 30-min geodetic blocks at the start and end of the longer (≥ 3-hour) observations. Table 2 Tying the ejection times of the two components of each pair gave the fits in the second section (denoted by the superscript t ). In cases where the parameters of the independent and tied fits differ significantly, the individual components either had relatively little data,or little lever arm in angular separation. 
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